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I. INTRODUCTION
There is a renewed interest in nucleon-induced spallation reactions in the GeV range, motivated especially, but not only, by various projects of spallation sources for accelerator driven systems (ADS) or other applications (see for instance Ref. [1] ). Most noticeably, spallation reactions lead to a copious emission of neutrons, accompanied by fewer protons and light nucleon clusters. Roughly speaking, the reaction process can be divided into two stages. The first one is dominated by fast particle emission and in the second one, the remnant of the target releases its remaining excitation energy by ordinary evaporation of slow particles (and/or by fission for heavy targets). Light charged clusters are emitted in the two stages, as suggested by the observation of their spectra [5] [6] [7] [8] [9] [10] The most successful model used to describe spallation reactions is the intranuclear cas This deficiency is not a serious problem as far as global particle multiplicities are concerned.
To fix the ideas, rough analyses of experimental data indicate that in a proton-induced reac tion on a heavy target in the Ge V range, the ratio of the number of nucleons appearing in the form of clusters emitted during the cascade stage to the total number of emitted nucleons, whatever their origin, lies between 5 and 10%. However, the lack of cascade light cluster emission appears more serious in view of technological applications. Indeed light clusters correspond to gaseous elements (H, H e), which are liable to create voids or other damages in materials. Therefore it is of utmost interest for the designers of (solid) spallation sources to have at their disposal a good model for the production of these elements. This motivates the present work in which we extent the INCL4 model in order to incorporate light cluster emission in the cascade stage.
We have however another even stronger motivation. For spallation reactions in the energy range under consideration, it is very hard to couple nucleon degrees of freedom and cluster degrees of freedom on a microscopic basis, i.e. to handle the formation of clusters from nucleons (and their possible destruction) via a microscopic and dynamical model involving the explicit effects of nuclear forces. Emission of light charged clusters prior to the eventual evaporation is generally described on a phenomenological basis, either by the standard coa lescence model [11, 12] (in momentum space) or by percolation models applied at the end of the cascade stage [13] . When a pre-equilibrium module is introduced between the cascade and evaporation stages [14, 15] , cluster production during this stage can be accounted for as follows: the nucleus is continuously described as an excited Fermi gas, but a parametrized probability for light cluster emission is attached to each "exciton" configuration. The pa rameters are usually determined by the study of light cluster cross-sections in low energy reactions, basically below rvl00 MeV. In heavy-ion physics, where more sophisticated mod els, such as QMD [16] , BUU [17] and BNV [18] models are used, only nucleon degrees of freedom are taken into account in the cascade stage (before the freeze-out), although ag gregation of nucleons may be observed during this stage. In practically all models, cluster emission is introduced through a local chemically equilibrated model [19, 20] , or through a percolation procedure at the freeze-out followed by an after-burner (evaporation) step. Let us notice however that there exist even more sophisticated methods, such as those intro duced by Feldmeier [21] and Horiuchi [22] , which attempt to describe the effects of collisions on Slater determinants, modeling the state of the colliding system. In such approaches, clusters naturally arise at the end of the process, although some simplifying assumptions (regarding the wave function) have to be introduced. All models used in the heavy-ion case, giving moderate to good agreement for high energy cluster fragments, are however very time-consuming and have rarely been modified for nucleon-induced reactions. In the latter case the rapidity of the numerical models is crucial for applications.
We had also a third motivation. It was important for us to check whether the good agreement obtained in Ref. [2] is not too much modified when cluster emission in the cascade stage is taken into account.
In this paper, we want to present a model for light charged cluster production in nucleon induced reactions. The model relies on the microscopic phase space occupancy at the nuclear surface. In our opinion, this is a reasonable physical hypothesis. Indeed, during nucleon nucleus reactions the density of the target nucleus is only moderately perturbed [23] between p and p + dp is the same as the number of nucleons contributing to the slice of the densi ty profile defined by (1) When a nucleon hits the surface and satisfies successfully the test for emission, Le. has sufficient energy and escapes reflection (after the usual test of comparing a random number with the calculate9. transmission probability through the appropriate barrier including Coulomb potential for the protons), it is tested to see whether it belongs to a possible cluster. Such a cluster is defined as a set of nucleons which are sufficiently close to each other in phase space. Actually, the candidate cluster is constructed, starting from the considered nucleon, by finding a second, then a third, etc, nucleon fulfilling the following condition (2) where Ti, [i-l] and Pi, [i-l] are the Jacobian coordinates of the i-th nucleon, i. This simple model appears as a kind of "surface-coalescence" model, compatible with two rather well established features: the small probability of having pre-existing clusters inside nuclei, at least in medium-heavy and heavy ones, and the necessary dynamical generation of correlated clusters of nucleons near the surface before emission. This is to be constrasted with the composite emission in pre-equilibrium models, in which a cluster can be emitted from an uncorrelated target with a suitable probability. Our approach presents also another appealing feature: clusters can be emitted at any time during the cascade stage. The present model presents some similarity with model proposed in Ref. [27] . Although the spirit is the same, they differ in the description of the surface (a sharp surface is used in Ref. [27] ), in the construction of the clusters and in the hierarchy criterion for emission.
Our cluster production model utilizes the microscopic phase space distribution, as gener ated dynamically by the INC. It however contains some limited amount of phenomenology, since, as mentioned in the introduction, explicit coupling of individual nucleon and compos ite degrees of freedom is avoided and replaced by a geometrical construction, involving the introduction of the two parameters ho and D, whose values are given below.
III. RESULTS

A. Introduction
We report here on our calculations and compare them with well documented data sets.
We used our cascade code coupled with the evaporation code GEM [28] or with the KHSv3p version of the ABLA code [3, 4] , as in our previous work [2] . Although we are primarily interested in cascade emission, we nevertheless present the full spectra for light clusters.
In KHSv3p, only evaporation of nucleons and alpha particles is considered, whereas GEM accomodates the evaporation of all light clusters.
In this first approach, aiming at demonstrating the potentialities of the model, we did not play with the parameters ho and D. Only a rough fit has been done with a single set of values, namely ho = 387 MeV fm/c (=PF x 1.4fm) and D = 1.75 fm. The value of ho roughly corresponds to selecting a unit volume of phase space. The value of D is such that the cluster is formed in a region of relatively low density on the average. Neglecting the improbable re-interaction (by strong interaction) with other nucleons on its way out, as it is implicitly assumed in our model, is therefore reasonable. The possibility of varying these parameters with excitation energy or other variables will be examined in a later work.
B. Cluster double differential cross-sections Fig. 1 refers to the NESSI data [10] concerning the p + Au reaction at 2.5 GeV, com pared to our calculations with the ABLA evaporation code. An interesting aspect of these measurements is that particles are detected up to a kinetic energy of 200 MeV, allowing a meaningful test of cascade emission. As can be seen, the overall agreement is satisfactory.
There are however some discrepancies. High energy protons (E ~ 30 MeV) are underesti mated, especially at the most forward and most backward angles. Alpha-particle production in the cascade stage is also underestimated. Of course, the low energy part of the d, t and 3 He spectra is missed, since the ABLA code does not accomodate evaporation of these particles. It is evident from Fig. 1 that the cascade production of these particles is not neg ligible. This will be qu'antified below when we discuss multiplicites. As expected, clusters in the cascade stage are formed at the expense of neutron and proton production (see the differences between the full and dashed histograms in the top panels). This is particularly noticeable for protons at small angles in the energy range spanning from 40 to 1 00 MeV, whose yield is clearly underestimated.
In Fig. 2 , we display the same data and our results with the GEM evaporation code.
The cascade spectra are the same, within statistical uncertainties (the simulation involves about 150.000 events). The differences bear only on the evaporation spectra. First, with the GEM code, the evaporation contributions are well described for deuterons and tritons.
Second, the 3 He evaporation yield seems underestimated. Third, the proton evaporation cross-sections are slightly less satisfactory with GEM than with ABLA. In particular, the yield at the two largest angles is underestimated with GEM. Fourth, for 4He evaporation, the peak height is well reproduced by the GEM model, but the slope of the decreasing part is steeper than in the ABLA model and steeper than the experimental slope.
In Fig. 3 , we show the comparison of our predictions, using the same set of parameters as before, with the data of Ref.
[9] for the n + Bi and n + Cu systems at 542 MeV. This time, we only show the results for one evaporation code (GEM), since the evaporation contributions are practically outside the range of the measurements. The agreement is again quite satisfactory but the trends have reversed, compared to the previous case: the proton yield is not underestimated any more and the d and t cluster cross-sections are somehow overestimated. It is nevertheless gratifying to see that with simple ingredients the gross features of the cascade spectra as functions of emission angle and energy are satisfactorily described, more especially they have been tested at two incident energies and for three targets.
We postpone the discussion of the properties of the formation mechanism to a forthcom ing publication, but it is worth pointing out that, in the three systems mentioned above, light cluster production does not seem to correspond to a simple coalescence picture (in momentum space). Indeed, in this picture, and assuming the same shape for neutron and proton spectra, the cross-section for production of clusters of mass number Ac is related to the proton cross-section by the relation [29]
where C is a constant, independent of E. The cascade part of the proton cross-section can be approximated by an exponential function: 
i.e. they should basically display the same exponential decrease (the factor containing VB is numerically unimportant here due to the limited range of energies; it corresponds to a slight hardening of the exponential decay). Obviously, this is not the case in Figs. 1 and 3 , both experimentally and in our model, demonstrating a more subtle mechanism. The quantity Eo takes a larger value for deuterons and tritons than for protons, for the same emission angle.
This situation is to be contrasted with the heavy-ion case where the simple coalescence model works rather well [30] in the same energy range. This was already acknowledged in Ref.
[9]. by the emission of nucleons within clusters. In the cascade stage, the total multiplicity of the emitted nucleons, free or bound, is increased by rv 10 % for neutrons and rv15 % for protons. With the cluster emission scenario, the emission of nucleons is made easier for two reasons. First, removing a bound system costs less energy than removing all of its nucleons independently. Second, tunneling through the potential + Coulomb barrier favours emission of clusterized nucleons: for instance, the tunneling probability is smaller for an a-particle than for a proton, b~t the test is applied only once for the latter. The probability of the uncorrelated emission of two protons and two neutrons is equal to the square of the proton emission probability multiplied by the square of the neutron emission probability. There is possibly a third reason, inherent to the scenario itself, which favours emission of a group of nucleons, that otherwise would have somehow diverging trajectories. The excitation energy at the end of the cascade Is not really changed when the cluster emission is added. As a consequence, the evaporation multiplicities are not really changed either. Altogether, the total yield of emitted neutrons (either free or bound) is increased by rv4 % and that of emitted protons by rv7 %. We also added in Table 1 the results for the p + Pb system at 1 GeV, with the GEM.,evaporation module, and at 1.2 GeV with the KHSv3p evaporation module. The former case allows us to give a hint at the dependence of our results with the incident energy, using the (more complete) GEM evaporation modeL The latter case provides with a meaningful comparison with our previous results (last column of Table I and Ref. [2] ). It is interesting to note the reduction of the cascade neutron multiplicity by the introduction of cluster emission. The multiplicity of fast neutrons, with kinetic energy larger than 20 MeV, changes from 3.17 [2] to 2.69 when cluster emission is introduced and comes in slightly better agreement with the experimental value of 2.7±0.3 [31] . Unfortunately, no other direct multiplicity measurement has been performed for the systems that we have investigated.
Let us comment on the results for particle multiplicities with cluster emission. Ratios of multiplicities are nearly the same for the two systems p(2.5 GeV) + Au and p(l GeV) + Pb.
Looking at our results with the GEM evaporation code, which are more complete, one finds Let us finally mention that the theoretical ratios of multiplicities cited above exhibit the same trend as the experimental values reported in the Table 2 of Ref. [32] , for p + Au collisions at 1.8 Ge V. We did not attempt a quantitative comparison, mainly because the experimental cuts are not the same for all kinds of particles.
D. Effects on other observables
As indicated in Figs. 1 and 2 , free neutron and free proton cross-sections are not dimin ished uniformly by the introduction of cascade cluster emission. The decrease is the more important for moderate energy nucleons (between 20 and 100 Me V roughly). This is cor roborated by Fig. 4 , which displays the results for neutron double differential cross-section in p +208 Pb collisions at 1.2 GeV. Compared to our previous results [2] , without clusters, the predictions are slightly poorer at 10 at 25° and slightly better at 85° and larger angles.
Because the neutron yields are espec~ally affected in the 20-50 Me V domain, the shapes of the spectra are somehow less satisfactory than before.
The introduction of cascade light cluster emission has another interesting and unexpected consequence. After the cascade stage, the remnant nucleus contains slightly less nucleons than before. Since the evaporation is not changed very much, the residues are slightly lighter (the small reduction of the excitation energy may also contribute to this effect). This is illustrated in Fig. 5 , which shows the residue mass spectrum in the p + Pb system at 1
GeV. The lack of residue production in the low mass side of the fragmentation peak from which our previous calculation suffers [2] is partially reduced.
E. Sizes of the clusters
Let us close this section by discussing briefly the size of the "pre-clusters" appearing in our model, i.e. their extension in r-space and momentum space, at the moment of their construction, just before emission. In Fig. 6 , we plot in the left panels the distribution of the distance r separating the position of the nucleons from the center of mass, for the deuterons (upper part) and the alphas (lower part) constructed in our model. In the right panels, we display the distribution of p, the absolute value of the difference between the momentum of the nucleons and the total cluster momentum divided by its mass number, Le. the absolute vallie of the momentum of the nucleons in the rest frame of the cluster.
For deuterons, r is half the relative distance and p is the relative momentum. For large clusters, the distributions are just the nuclear densities in r and p-spaces multiplied by r2 and p2, respectively. The dashed lines in Fig. 6 give the same distributions for free clusters, as calculated with the Paris potential [34] for deuterons and with a Gaussian model with realistic parameters fitted on the experimental charge distribution for a-particles. The "pre-deuterons" are on the average slightly more compact in configurational space than free deuterons, but are noticeably more extended in momentum space. The trend is reversed for the "pre-a-clusters". The difference between "pre-dusters" and free clusters arises for two reasons: (i) our compactness criterion (Eq. 2) slightly differs from compactness in a free deuteron, which assumes proximity both in configuration and momentum spaces; (ii) the INC dynamics can favour some particular regions of the phase space defined by Eq. 2. Let us finally notice that, in order to form a deuteron for instance in reality, a neutron and a proton need primarily to be close to each other in phase space, but also need to experience some extra soft interaction (from other nucleons or from the mean field) which transforms them into an on-shell deuteron. The relative success of our model justifies a posteriori the non-obvious possibility of simulating soft interactions by a simple geometrical model.
IV. CONCLUSION
We have presented a model for the production of Our aim in this paper was to demonstrate the potentiality of the model. That is why we did not vary the parameters of the model. We think that these parameters can reasonably be changed with the target, mass and the incident energy (or the excitation energy). A variation with the nature of the cluster is equally acceptable, if not perhaps physically mandatory.
With the simple choice adopted here, we obtain a promising agreement with the data for three systems at different incident energies, and this for a wide range of cluster kinetic energy.
We have shown that the inclusion of cluster production enhances the total (free + bound) nucleon yield in the cascade stage, whereas the evaporation stage remains basically the same.
This has however rather unexpected results: the free neutron yield is reduced, the free proton yield is diminished slightly more and the fragmentation mass spectrum is broader. The first and third effects are improving our previous results without clusters.
Besides the determination of optimal parameters, other points are worth to be to inves 
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